INTl{OOUCT ION
Turbulent, recirculating flows are found in many pratical engineering applicat i ons , notabl e of which an~ continuous r.ombust i .,n devices sur.h as gas turbines ana furnaces. These complex (i . e . , turb•Jlent and recirculrJti ng) f l ows are use'! to promote mixing and provi de flame stabiliz~tion . As a result , they have a significant ef.foct on co1nbus-tion efficienr.y , blow-off limits , and gaseous po llnt-!in t product ion. Pr~se ntl y, ex per irnen t ,11 and computational techniques are being pursued to increase the Llnderstanding of. the mixing and r.he1nical
processes associaten with such f lows, and t.o ,,evelop predict.i ve codes . Earlier work by Brum et al. (19~2) and Brum and Samuelsen (1982a) ha s identified the Dilute Swirl Combustor (DSC) as a candidate flowf ielr1 for studies of complex recirculating flows. nru~ and Samue l sen ( 1982a) measured the time-resolved axial velor.ity component using a singl e-comp onent laser anemometer and have since ex tendea the measurements (Brum and Samuelsen, 1982b) to include the t i •ne-resolved , l simultaneous measurement of both the axial and azimuthal veloc ity components .
These two previous studies have provided the initial velocity field data base necessary to establish the overall performance and flowfield structure of the DSC . The goal is to develop a model labo ratory complex flow combustor suitable f o r fundamen tal stud ies in contin uous combustion su ch as predictive modeling validation, the development of optical diagnostics, and fuel effects studies . Not only are vel ocity field data necessary in the pursuit of thi s goal, temperature data are requi red as we ll . If the data are to be used for pred icti ve modeli ng or to provide i nsight into turbulent mixing, the n simultaneous, timeresolved measur ements of vel ocity and temperature are also desirable. Thus t he primary objective of the present study was to obtain simulta neo us, time-resolved 1™:!a surements of axia l and azimuthal velocity and temperature (u,w, a nd T respectively) . A two-color l aser anemome ter system was used to measure the velocity whi l e a bare wire, small diameter, electroncially compensated thermocouple probe was used to measure the temperature .
Probe perturbation effects can be potentially significant in r ecirculating flows (Bilger, 1976; Hack e t a l. , 1981) . Therefor e , a second objective of th i s study was t o eval uate the effect of the thermocoup l e probe on the velocity fie l d . Electronic compensation was used to extend the frequency response of t he thermocouple so as to permit time-resolved temperature measur ements. The correc t amount o f ele ct r onic 'co<11pensation depends in part on the physical properties of t he gas and the instantaneous velocity at the sensor l ocat i on . Therefore, even whe n the sensor is acc urate ly compensated corresponding to the ~an flow conditions, the sensor will at times be over-or under-compensated in a flow with a fluctuating velocity. Thus, a third obj ective of the present study was to determine the effect on the temperature measurements of variations in the amount of. electronic compensation .
EXPERIMENT
The DSC configuration, presented in Figure 1 , feat ures a n aerodyna1nical ly controlled , swirlstabilized recirculation zone and possesses the impor tant fea tures of pr actical combustors. It con sists of an 80 mm r.o. x SO cm long cylindri ca l stain l ess steel tube hllving rectangular optical windows (30 mm x 310 mm) mounted perpendicular to the horizontal plane on both sides of the combustor tube. These flat windows provide clear optical access for laser anemometry measurements and allow accurate co-location of the u and w measurement volumes.
A set of swirl vanes (57 mm o.o.) is concentrically located within the tube around a 19 mm o.o. centrally positioned fuel delivery tube.
Dilution and swirl air are metered separately. The dilution air is introduced through flow straighteners in the outer annulus. The swirl air passes through a set of swirl vanes which impart an angle of turn to the flow, 60° in the present case.
For a swirl-to-dilution ratio of unity, the value used in the present study, the swirl number obtained by integrating across the swirl vanes is 0.8; that obtained by integrating the total inlet mass flux is 0.3.
The combustor was operated at atmospheric pressure.
Fuel (propane) is introduced through a nozzle at the end of the central fuel delivP.ry tube.
The exit plane of the fuel nozzle is set at the same axi'll location as the exit plane of the swirl air to provide a clean, well defined boundary condition to e;ise the application of numerical mo<lels.
A cone-annular gas injector (Figure 1 ), sized to e'llulate the directional moment•lm flux of a hollow-cone l iqui<'I spray nozzle, was used for the present work.
Axial and azi•n•1thal, '!lean an<l rrns velocitf measnr.~inents were made using the two-color. la<>er anemometry (LA) system shown in Figure 2 .
The beam from a 200 mW Argon-ion laser (Lexel !'-!odel 75) was collimated and passed through a prism to sep.~rate the various wavelengths. The two most intense beams, green (514 nm) and blue (488 nm) wn.re e<lc:h passed through a ser i.es of optics in which they were polarized and split into two beams of equal intensity 50 tum ap;irt.
An upstream 40 MHz frequency shift (TSI model 915 Bragg Cell) was applied to on~ of each pair '.)f beams in order to avoid directi<:inal ambiguity that would other.wi.se result fr.o•n tlie highly turbulent recircul.~ting flow.
The four beams (blue pair in the vertical plane and gre.~n pair in the horizontal plane) were then focused through a 250 mm lens to a common point ·within the test section.
This resulted i.n a set of perp"'ndicular intetference fringes spaced at 2.6 pm for t.he green beams (vertical fringes) and 2. 5 µm for the blue heams (horizontal fringes) which were responsive to the axial and azimuth;il velocity components respectively.
Receiving optics consisted of a 120 mm lens focused onto a 0. 25 mm diameter photomul t.ipl iec tube aperture (via an appropri<ttP. dichroinate fi 1. t"'r to selectively pass either the blue or. green lig~t).
These optics were placed at .1n angle of 20° off direct forward scattec which res1~1te<l in a probe volume 0.022 mm3 and cross-sectional arr,a perpen.Ucular: to the ax is of measurement; of 0. 10 mm 2 • However, due to the requi re1nent imposed by the processing electronics that both axiil.l (u) and azimuthal (w) velocity component~ be obtained si.,nul taneously, the effective probe cross-· section was much less (approximately Q.03 mm2). The transmitti.ng and receiving optics are mounted on 2 an optical bench capable of placing the measurement volume at points throughout the stationary combustor test section.
The main and fuel jet flows were seeded independently but to the same levels of concentration with 1 µ m alumina particles. A liquid suspension atomization seeding technique was employed.
Signal validation was obtained using two counter processors (Macrodyne Model 2098).
~er:ature Measurement2_
At the present time, non-intrusive optical techni'1ues for the measurement of time-resolved temperatures ar:e still in the developmental stage. A sensor: more amenable to measurement in a turbulent flow is the thermocouple.
It has the advantage of relatively low cost, a history of use in the measurement of mean flame temperatures, but is suspect with respect to durability, flow perturbation, and frequency response. To measure fluctuating temperatures in a combusting flow, the sc:lsor must be small but at the same time must be sufficiently rugged to survive. This latter criterion estalishes a lower limit on the wire diametec of approximately 25 \1 m.
The thermocouple must also withstand the high temperature ( 1900°C), oxidizing environment in a reacting flow. Platinum and the al l<:>y Platinum 10% Rhodium can operate satisfactorily under these hostile conditions and were chosen for the present study to serve as the tl1ermocouple materials. The thermocouple junction was for:med by overlapping and spotwelding the two 25 i1 m wires which yielded a junction with a charactP-ristic length of less than 40 µ m. The thermocouple frequency response necessary to make accurate time-resolved measureinents can be estimated from the physical dimensions of the combustor and the bulk mean velocity.
If the length $cale 0f energy-containing structnt'"e is taken to be one-half the combustor radius, the corresponding fr:erp1ency for a mean velocity of 15 m/sec is about 750 Hz.
Therefore, in order to accurately measnre even the root-mean-square temperature, the sensor fr:equency response must extend to at least two or thre•• times the frequency of the energy-containing structures or about 2kHz.
The uncompensated frequency response of the sensor at this mean velocity is abont 15 Hz.
Thus, the frequency response must be increased by a factor of 130.
In order to do so, electronic compensation is required.
The compensation method used in this study is based on the one proposed by Lockwood and Moneib (1981) .
A block diagram of the thermocouple signal processing electronics, shown in Figure 3 , consists of fi\Te main subcircuits: 1) an electronic switch, a source of heating current, an<l a S<JUare-wave function generator to control the switch, 2) a low noise, low drift, differential input preamplifier (gain= 100), 3) a compensation circuit, 4) two low-pass filters, one to reduce noise from the differentiator and one to reduce overall noise in the compensated temperature signal, and 5) a gain and bias amplifier to match the dynamic range of the temperature signal to that of the analogue-to-digital converter.
The preamplifier consists of a battery operated differential amplifier (AD524). This unit has a very low d.c. drift and an equivalent root-meansquare input noise of T°C.
The compensation subcircuit consists of a differentiator and su~ing amplifier and performs the operation [1+i: ~d/dt)]E where Eis the thermocouple voltage and T is th~ average time constant. The average time constant T is determined by observing the decay of the temperature of the thermocouple when a d.c. heating current is shut off. The function generator is used to alternatively switch this heating current to and from the probe and trigger a microcomputer (a DEC PDP 11/23) and associated analogue-to-digital converter to sample t~e time decay of the thermocouple teinperatut"e when the heating current is shut off. The computer determines a least square fit of the log of the voltage versus the time. The slope of this line is related to the time constant. The insta11ta.neous values of the time constants are determ_ined for ten or more different repetitions of the probe cooling cycle and are averaged to obtain the average time constant. The compensator is adjusted accordingly. Yule, et al. (1978) suggested that the time constant determined using this method should be adjusted to account for the fact that the thermocouple junction is not the same diameter as the wire. Based on their results for a junction characteristic length-to-diameter. ratio <:>f less than T. 5, the error in the root-mean-square temperature is estimated to be less than 10% and no correction of the time const.~nt is made for this ef Eect.
Special electronics were built to interface the <:>utput of the two digital ~ounter processor channels (u,w) and an analogue channel (temperature in this case) directly to a DEC PDP 11/23 computer system. This interf;ice identifies whether or not the u and w events occur within a certain aperture time of each <:>ther. If so they are considered simul tarieous, stored and then mult.i.plexed into the computer. vi.a a parallel interface. The corresponding simultaneo•1'> •neasuren1ent <)f temperatnre are obtained by means of a sample-and-hold circuit which is activated by the laser interface unit when it registerP.d the simultaneous measurement of the axial and azimuthal velocities. The signal "held" by the sample-ana-hold unit is sampled, digitized and storP-d with the corresponding velocity signaL; by means of a Data Translation, 12 bit, analogueto-digital converter which is controlled by appropriate software in the computer. Once the interface verifies that the computer has read the data, it simultaneously resets both processor channels <1nd the sample-and-hold on the analogue data ch.annel. The key feature of this system is ·that it permits the acquisition of simultaneous realizations of the two velocity components and 3
temperature. An aperture time of 50µs was selected since at the maximum bulk velocity measured (15 m/s), an equivalent spatial resolution of less than 0.75 mm is obtained.
The computer is equipped with an internal clock having a resolution of 100 µs which is initiated at the beginning of each run cycle. As the u,w,T data are received, the time of event t is combined with the raw data (u,w,T,t) and the data are permanently stored on either a hard disc or floppy disc for future reference and analysis.
sources of velocity inaccuracy evaluated were (T) sampling error resnlting from a finite number of samples, (2) positional accuracy of the traversing system, and (3) digital resolution (i.e., the magnitude of the least significant bit output by the counter processors). Between 400 and 1000 samples were taken at all measurement points. This resulted (to a 95% confidence level) in a maximum sampling error of ·+ er on the mean velocity:
where n is number of samples and Vrms is the rootmean-square velocity.
For the flows measured this Root-mean-square noise in temperature signal has been measured to be 6.5°C and the relative error in mean t<~mperature is estimated to be ,!. 10%.
The thermocouple probe data are not corrected for radiation.
RESULTS
Simult.~neous time-resolved measurements of temperature and axial and azimuthal velocities were made in a reacting flow involving propane and air. The overall equivalence ratio was o.1 and the reference bulk velocity was 15 mps. The first results reported describe the velocity field and the streamline structure of the complex flow as ineasured by the two-color laser anemometry. The second set of results discussed pertain to a study of the effect of the thermocouple probe on the velocity field.
Most of the temperature measurements reported herein were made in the wake region of the flow l'!ownsti:eam of the main r.f!circulation region. Since the flowfield involves both recirculation and swirl, significant perturbation of the flowfield by the thermocouple probe is possible.
It is interesting to note that Bilger (1976) points to the dearth of perturbation effects data and states "Al though the problem is obvious, it does not appear to have been addressed in the literature, not even t0 the extent of saying that visual observations indicated no effect." One of the few studies of probe perturbation effects in complex, recirculating turbulent flows is reported by Hack, et al. (1981) who found that the local soot number density can be reduced in excess of 100% when an extractive sampling probe is placed in the flowfield.
A second concern relating to the use of compensated thermocouple sensors corresponds to the fact that the "time constant" is not a constant. The turbulent temperature fluctuations are associated with fluctuations in the velocity, density, species concentration, and viscosi ty. 1\11 these fluctuations affect the heat transfer coefficient and thus the time constant.
For the compensated data presented herein, the compensation is chosen to correspond to the average time constant. Thus at certain instants in time, the probe may be over-or un der-compensat.3d, and the temperatur.e signal will be in error.* The possible error due to the use of a fixed average time constant can be estill\ated at each sampling position by determining the sensitivity of the various statistical quantities of interest to variations in the time constant. This analyBis is accomplished in the third section of the results.
Statistical qua,ntities of fluid mechanical interest such as mean and root-mean-square axi.al and azimuthal velocities and temperature (u, ur,.o,;' w, wrms• T, Trms) are presented in the final section. In addi t.ion, the normalize<l. Reynolds stress, ~/ urmswrms' and the normaliz~<l axial and azimuthal heat fluxes, u'T'/urmsTrm 4nd w'T' /wrmsTrms' are described. The resu~t.'.'i o f the first two sections are applied to these data to indicate those r.egions of the flow where pro be perturbation a nd time constant variation have an ~egligible effect on the measured data.
Axial and azimuthal mean and root-mean-squa r e velocity profiles are shown in Figure 4a .
A detailed discussion of these profiles is presented in Brum and SamuP.lsen ( 1982b) and it is sufficient here to niscuss only those features pertinent to the present study.
Evidence of the recirculation zone is indicated by the negative mean axial velocities at the 2 and 7 cm stat.ions.
T'ie relative lar <J•~ mean azim uthal velocity component at the 24 cm stat i.on indicates that relatively little dimunition of the swirl velocity occurs over the length of the cornbustor aside fro1n the algebraic reduction resultirtg fr0m the mixing of ' O·wirling and non-swirling inlet streams.
~xial turbulence intensities on the centerlinte at the 24 cm station are about 40 % wh ich is considerably higher than f ,n isother.mal. pipe flow.
The 1neart stre arnl ines, \J;, are show:i. on Figure 4b . The streamlines are obtained usi:i.g the continuity • Lockwood and Moneib ( 1981) note th«t "Digi t ;i.l techniques afford the ultimate possibility o f compensation on an instantaneous bas is." One method of irnplementirig the point-by-point cor:r:ection of time constant for velocity variations would be to record simultaneously the temperature, te,nperature derivative and the velocity, and if the time constant were determined as a function of velocity, the computer could be used to form the sum of E and 1 (u) d.E/dt where ' .f (u) would depend on the velocity at the time of. interest. The p<) tnt-bypoint variation of the time constant could be used ·to account for the variation of time consta nt with velocity and is worthy of implementation. Figure 4a (and additional profiles not shown}:
equation and integrating the profiles of mean axial profiles shown in
where r is the radial location of interest and R is the radius of the DSC.
Integration at each profile allows streamlines to be drawn through points of constant \J;. The closed streamlines correspond to the recirculation zone. Clearly, the flow is complex (i.e., recirculating with a very high turbulent intensity) and is vulnerable to perturbation by the insertion of a physical probe.
Probe Perturbation
The method used to assess the effect of probe perturbation is based on a comparison of the velocity field obtained earlier by Brum and Samuelsen (1982b) in the absence of a probe in the flow to data obtained in the present study in which the thermocouple probe was placed at 1 mm and selected additional locations downstream of the laser fringe volume. At the 14 cm station, the mean and root-mean-square profiles for both the axial and azimuthal velocities differ by less than 20% in the t~o cases for radial positions 0.2.::, r/R i 0.65. Closer to the axis, the mean axial velocity is reduced by as much as 35% when the probe is present. At the 24 cm station, probe perturbation is even more pronounced near the axis where the presence of the probe reduces the me<1n axial velocity by as much as 50%. Away from the axis, however, the perturbation is significantly less. The variation in the ratio of the mean and root-mean-square velocities at different radial positions suggests that probe perturbation is due not only to local aerodynamic effects but also to a large-scale change in the flowfield.
The data presented in Figure 6 support · this hypothesis.
The mean and root-mean-square axial and azimuthal veloGity are plotted as a function of separation distances between the thermocouple junction and the laset-fringe volume, the latter of which is positioned at axial locations of either 14 or 24 cm, and at t:i\dial locations of either r/R ~ 0 or 0. 5. 11.t the 24 cm station and on the centerline, there is a continuous variation in axial mean velocity ann in root-mean-square azimuthal velocity as the thermocouple probe is moved to various positions downstream of the laser fringe volume. At a 1 mm s<~pdration, the mean ;ixial velocity is reduced by 44% compared to the value 'When the probe is not in the flow.
Even at a separation distance of 80 mm, whic h is near the exit plane of the combusto.r, ther~ is still an effect on the mean axial velocity. Thu$, at this particular position in the flow, the flowfield is affected over long distances. Probe perturbation effects can also be seen to exist at x ~ 24 cm and r/R ~ 0.5 but the effect i~ much smaller with a maximum difference in the mean axial velocity of 7.Si.
Evidence of localized perturbation of the velocity field can also be seen in the corresponding data obtained at the 14 cm station. The mean axial velocity and azimuthai root-mean-square velocity are again the most affected by the presence of the probe at r/R O but at this position, a 1 mm separation corresponds to a difference of about 20% compared to the data for a separation of 80 mm. Again probe perturbation effects are much less significant at r/R ~ 0.5. Possible explanations for the relatively higher probe perturbation observed along the centerline include:
1. A suppression of the fluid momentum. The probe may cool (via re-radiation) the hot gases in the combustor core as well as provide a local source of skin friction drag. The net effect is to decelerate the axial and azimuthal transport of the flow. This effect is less evident at radial stations_ due to (a) significantly lower temperatures, (b) higher axial momentum flux, and (c) the sharing of momentum deficit in this swirling flow by an annulus of fluid rather than a small cylinder of fluid. 2. A suppression in the form intermittancy previously observed (Brum and Samuelsen, 19B2b) along the DSC centerline, namely a spiraling action of the votex core. Insertion of the probe along the center line may suppress the spiraling action and thereby reduce the local rootmean-square and mean axial ' velocities. 3. Tm occasional occurr.ence of negative axial velocities on axis with the probe in the flow. Tl"le occurrence of negative velocities radially offaxis is much lower, hence, the flow is more 'elliptic' on axis which i_nduces a path fnr projecti •lg probe disturbances upstream.
Effect of Time Constant Variation
The effect of: time constant variation on statistical features of the flow involving the temperature signal are exhibited in Figure 7 . There it can be seen that a 10%-variation in the time constant can have as much as a 20% variation in the measured axial heat flnx and a 50 i variation in the measured azimuthal heat flux.
This high sensitivity may well be due to the Eact th;it there is a correlation between the vP.locity and the sensor response.
For example, if high velocities are associated. with high temperatures, the increased frequency response of the wire at the higher velocity and corresponding over-compens,~tion will lead to a higher indicated temperat,1re and a largei: contribution to the u'-T' correlation. The rootmean-square temperature is much less sensi ti. ve to variation in the time constant where a 10%-variation has less than a 5% effect on the measured root-mean-square temperature. This may well be due to the fact that over-and under-compensation due to variation in velocity affects that portion of the temperature power spectrum which contributes a relatively small amount to the root-mean-square ·temperature. Finally, it found that the measured value of the mean temperature varied by less than 10% for a+ 50% variation in the time constant.
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Mean and Root-Mean-Square Temperature
The mean and root-mean-square temperature are indicated in Figure B . The mean temperature has a maximum as expected on the centerline and decreases monatonically with increasing r.
At both axial stations, the root-mean-square temperature has a maximum in the vicinity of the maximum gradient in the mean temperature. The off-axis minimum of the root-mean-square temperature at the 14 cm station is unanticipated and may be an indication of the uncertainty in the data.
Velocity Statistics and Correlations
Radial plots of the u'-w' correlation coefficient (normalized Reynolds stress) appear in Figure  9a (top and bottom) along with the axial (u, top) and azimuthal (w, bottom) velocity profiles. The first two radial stations (2.0 and 7.0 cm) are without the probe in the flow, the last two stations (14.0 and 24.0 cm) are with the temperature probe placed 1 mm downstream of the laser volume. The sections of these curves nearest the centerline where r/R ~ 0.2 are dashed indicating that significant influence by probe perturbation is likely. However, when the Reynolds stress is compared to values previously obtained without the probe {Brum and Samuelsen, 1982a), the same trends are indicated though the magnitudes di.ffer. For well developed boundary layer flows, the correlation coefficient coefficient (C) has been classically meas tired to be on the order of 0.4 (Liepmann, 1979) ,
In complex flows the direction of the coefficient changes as does the •U rection of local gradients. For example, when both the u and w gradients with respect to r are positive (du/dr > 0, dw/dr > 0), the correlation is positive, and when both are negative, the correlation is positive. However, when the u gradient is positive and the w gra<Uent is negative, or vice versa, the correlation is negative. In areas where there is little or no gradient in either u or w, the correlation goes to zero.
The axial and azimuthal heat flux correlations (u'T'/urmsTrms and w'T'/wrmsTrmsl, presented in FigurP. 9b foi: the 24 cm station, appear to correspond to the same sign convention rules as the velocity correlations. Peak correlation coefficients on the order of 0. 3 are observed for both the u'-T' and w'-T' correlation in comparison to 0.2 for the u' -w' correlations. As the temperature gradients go toward zero at the outer radius, the correlation coefficients also go to zero.
A pos~ible physical interpretation of the negative .sign of the axial hAat n ux correlation coefficient may be obtained by considering the probable 0rigin of fluid particles that contributes to thi.<; flux.
From Figure 9a , the mean velocity near the axis is sho.m to be lower at upstream stations than the mean velocity far from the axis, This is consistent with the existence of the recirculation region indicated in Figure 4a . The recirculation zone also corresponds to the reaction zone and is a region of high mean temperatures. Thus, fluid particles which have their origin in the recirculation region will on average be associated with relatively high temperatures and low velocities while particles with their origin outside the hot recirculation zone will be associated with relatively high velocities and low temperatures. Particles with either origin would lead to a negative axial heat flux.
The positive correlation at r/R ~ O.S might be associated with fluid particles originating from the wall region. CONCLUSIONS 1. A compensated thermocouple probe can be used to measure time-resolved temperature with timeresolved axial and azimuthal velocity in a complex, model combustor. Precautions are required, however, with respect to probe perturbation, and compensation.
2. A physical probe introduced into a swirl-stabilized, complex flow combustor can significantly perturb the velocity field. The perturbation is not limited to the area in the immediate vicinity of the probe, but can extend up to one combustor diameter upstream. The perturbation has a greater effect on mean quantities than on fluctuating components.
3. For the combustor and probe configuration assessed in the present study, the perturbation is significant for the probe located at the center.-line.
For probe positions away from the centerline, the effect of perturbation drops to levels acceptable for many engineering applications.
4. 'nle minimum thermocouple wire diameter that can withstand the high temperature, oxidizing, and turbulent environment encountered in the present study is 25 \J m. Flows with a higher heat release may require larger diameter wires.
In either case, compensation is necessary to 111-crease the frequency response of the wire to that appropriate for the flow.
Evidence from the present experiment demonstrates that electronic compensation must be employed with care.
For example, a fixed electronic compensation corre;;ponding to the average time constant can produce significant error in the azimuthal heat flux.
S. The values of axial on azimuthal heat flux exhibit peaks in the regions of maximWll temperature and velocity gradients which is consistent "1ith a gradient transport mor1el. These first direct r~easurements of heat flux in a compl'"" reacting flow indicate ~ak values of the axial and azimuthal heat flux correlation coefficient (u'T' /urmsTrms' ·w'T' /wrmsTrms) on the order of 0. 3. 
